AD-A163 684 LASER INTERACTION IN_LONG- SCRLELENGTH PLRSNRS(U) NAVAL
RESEARCH LAB WASHINGTON DC J H GARDNER ET AL
. 31 DEC 85 NRL-MR-35651
UNCLASSIFIED F/G 28/9




Pl ah dab ot o g o ]

(M = A i - LR i R R pvd pod aes g

hal . M o Y k|

AT T T T T XN,

<> WA R, 0 K

= iz s
" 1.0 i kel
= = ik
=
w2
L =
o

22 s pe

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS - 1963 -~ &

- \‘ L
1"\ LS \ Yy -',-*.'-.



AD-A163 604

NRL Memorandum Report 5651

Laser Interaction in Long-Scalelength Plasmas

J. H. GARDNER, M. J. HERBST,* F. C. YOUNG,** J. A. STAMPER,* S. P. OBENSCHAIN,*
C. K. MANKA,* K. J. KEARNEY,* J. GRUN,* D. DUSTON,T AND P. G. BURKHALTERS$

Laboratory for Computational Physics

*Laser Plasma Branch
Plasma Physics Division

**Plasma Technology Branch
Plasma Physics Division

FPlasma Radiation Branch
Plasma Physics Division

§ Condensed Matter Physics Branch
Condensed Matter and Radiation Sciences Division

December 31, 1985

DI
FEB 0 5 1986

NAVAL RESEARCH LABORATORY
Washington, D.C.

Approved for public release; distribution unlimited.




s L 4 a2 0 M M4l ag 4. aie sl dca aia d-a RYa ST ao0 oo oo o A% el vmll Nal ol Saf ad el ol b Sak Aak Sal wai Snh Sebh Sak Salk Bak el et e Sah Sak k- Bah A R R M AR A0 St AL 0t 0 "T

W

A
°
)

‘;l". SECCRITY SLASSIFCAION OF 915 SAGE

0 REPORT DOCUMENTATION PAGE
‘ ": 153, IEPORT SECURITY CLASSIFICATION to. RESTRICTIVE MARKINGS

f UNCLASSIFIED -

b T3, SECURITY CLASSIFICATIGN AUTHGRITY 3. DISTRIBUTION/ AVAILABILITY OF REFORT
i 2b. DECLASSIFICATION / DCWNGRADING SCHEDULE Approved for public release; distribution unlimited.

" \\ 2 PERFCRMING ORGANIZATICN REPORT NUMBER(S) 5. MONITCRING ORGANIZATICN REPORT NUMBER(S)
- NRL Memorandum Report 5651
\
a da. NAME CF PEIFORMING ORGANIZATION 6o. OFFICS SYMBOL | 7a. NAME CF MONITORING ORGANIZAT:ON
\ (If applicaoie)
% Naval Research Laboratory Code 4040 Department of Energy

! \’ 6c. ADDRESS (Gity, State, and ZIP Cade) 7b. ADDRESS (City, State, and ZIP Code)

3

‘ Washington, DC 20375-3000 Washington, DC 20545

1Y

f-. 8a. NAME OF FUNDING / SPONSCRING 8b. OFFICZ SYMBOL | 9. PROCUREMENT iNSTRUMENT IDEMTIFICATION NUMBER

o ORGANIZATION (If applicable)

‘o Department of Energy

x;' 3c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

:', PROGRAM PROJECT TASK WORK UNIT
‘P Washington, DC 20545 ELEMENT NO. NO. NO. ACCESSION NO.
!. 81425 44-0859-A-5
' TiTLE Uncluge Secunty Classification)

,\ . Laser Interaction in Long-Scalelength Plasmas

| ‘_ﬁ lf 12. PSRSONAL AUTHOR(S) Gardner, J.H., Herbst, M.J., Young, F.C., Stamper, J.A.. Obenschain, S.P., Manka, C.K.

) _Kearnev, K.J., Grun, J,, Duston, D, and Burkhalter. 2.G
13a. TYPE QF REPORT 13b. TIME COVERED 13. DATE OF REPORT (Year, Month, Day} [15. PAGE COUNT

e Interim FROM_______TO ______ 1985 December 31 66

1 16. SUPPLEMENTARY NOTATION

S
. 17 COSATI CODES 18. SLBJECT TERMS (Continue on reverse if necessary and .dentify by biock number)

N Ay FlELD GROUP SUB-GROUP ~ Long Scalelength . Stimulated Briilouin Backscatter,

. Laser Plasma Interaction  Laser absorption << N ]
:_ x ABSTRACT (Continue on reverse :f necessary and identify by block number) ) ; i
Absorption of a short-pulse, high-intensity Nd-laser beam (vacuum irradiance of 1014 to 1015 W/t:m2) by preformed
N plasmas of different density scalelengths is investigated. Increased effects of plasma instabilities are found at longer ‘
o scalelengths. The amount of backscattered light increases with plasma scalelength and limits the absorption fraction at
." the longest scalelength. Thé onset of suprathermal electron production, deduced from observations of energetic (20 to
x 30 keV) x rays, occurs at lower laser irradiance for longer scalelength plasmas. " A correlation between energetic x rays
- and 3w, /2 emission suggests that the suprathermal electrons are produced by a plasma instability at quarter-critical
s density. At higher intensities there is evidence for severe perturbations of the preformed plasma and for seif-focusing
i of the incident beam. /«, ’

N.

ot

“v‘( <

hd ’ : :

:-Tj 29, DISTRIBUTICN/ AVAILABILITY OF A3STRACT 21. ABSTRACT SECURITY CLASSIFICATION
.- JunCassiFEuNUMITED [ samg as T, [JOTIC USERS UNCLASSIFIED
= 22a. NAME CF RESPONSIBLE iNDIVIDUAL 22b. TELEPHONE (Inciude Area Code) | 22¢. JFFICE SYMBOL

John H. Gardner (202) 767-6532 Code 1040
2 D0 FORM 1473, 33 MaR 33 APR eaition may c@ uséd untl exnaustea. SECURITY CLASSIFICATION OF THIS PAGE

. All other editions are gbsolete.




wTow —TOTC LA~ Ad - ama~atd T T T T T Y TS W W S W T W T TR TR W TR W T WY T T TN T TR e T AT W

CONTENTS
L INTRODUCTION .ttt ittt et et e i 1
II. EXPERIMENTAL SETUP .. ... . ittt iii i e 4
5-}1 : III. SCATTERED LIGHT AND ABSORPTION EFFICIENCY ............ 7
)
:::., IV. GENERATION OF ENERGETIC ELECTRONS ........ ...t 14
)
V. PERTURBATIONS TO THE PLASMA AND SELF-FOCUSING ...... 23
N VI SUMMARY AND CONCLUSIONS ... .. ...\ \\eeuiiinnnnnnnnnnnns 30
43
) VII. ACKNOWLEDGMENTS ... .ttt it ettt eeientenenns 34
\ APPENDIX I — Brillouin Backscatter Calculation .................. 35
-
>
, ?,3 REFERENCES .« ittt ettt e e 59
' i Accession VFp.r
ol NTIS CGRASI
; DTIC TAB
e Unannounced 1
e Justification |
- By
[~ Distribution/
-1 Avallability Codes
T Avail and’or
- Dist Special
.
3 '
iii
et TN : L . /4‘;‘ 1":-:.":..".'.
e AN




o Lda aha aie st aim el bl ol af i St Lok dakodak Salo dlocdlaciieaite e Al i Ale kon Ste AN At ARRACE A R s ded el A kbl Ak Al s, |

Folwiv «. v 7,
h:":‘;‘":": )
rx s s08d

LASER INTERACTION IN LONG-SCALELENGTH PLASMAS
I. INTRCPUCTIOCH
Cf the five critical elements for high-gain laser-driven fusion,l
coupling efficiency and cold-fuel isentrope are directly related to laser
absorption in the underdense plasma surrcunding the fuel pellet. Absorption
efficiency is important because it is directly related to the overall gain
of the system. Cold-fuel isentrope is related to absorption because some
absorption mechanisms preferentially produce energetic particles (>> 10 keV)
which may penetrate the outer pellet, preheat the fuel, and prevent the high
fuel compressions required for high-gain systems.

Classical collisional absorption is the preferred absorpticn mechanism
for laser fusion because it results in a low-temperature (<5 keV) thermal
rarticle distrivbution of the absorbed energy. Moreover, collisional or
inverse bremsstrahlung abscorpticn is predicted bty ‘cheory2 and computer
sim.ulations3 to provide high absorption efficiency in the large underdense
plasmas expected with high-gain pellets. Unfortunately, parametric
instabilities may alsc occur in these larger plasmas.“ For example, the
stimulated Brillouin zcattering (SBS) instabilityS can reduce the avscrption
erfiziency oy reflecting the incident light tefore it iIs zbsorted.
Stimulated Zaman scattering®~® and the two-plasmon decay (ENP) instability®
can ccurnle laser energzs more efficiently into the rlasme, but this abtsorbed
enerzy Iis greferentially deposited into erergetic rarticles. Finally,

ISRt

thermal and pcndercmotive self-focusing are enhanced in longer

Manuscript approved October 9, 1985.
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§ scalelength plasmas and self-focusing can increase the role of these

DS

¢ rarametric instabilities.

The relative Iimportance of collisional absorption and the various
. rarametric instabilities depends upon the plasma density (n) and temperature
Se ot
\",‘ N . - . . T
A (T) and the plasma scaleiengths for density, temperature, and velocity (uﬁ =
\‘- L- +
‘ In/¥n}, L, = |7/VT], L, = lu/Vu| ). Presently available laser systems lack

rS
\J
# the energy required to prcduce both the lcng scalelength and high density
(T and temperature that will be typical of plasmas surrounding large high- a
pellets; therefore, the relative importance of the various abscrption
processes in present experiments is likely to be different from that in
x‘:\' . . . s . o s
R high-gain systems. 7To predict whether the deleterious effects of increa. d
-"‘1
o)

- plasma instabilities in these larger plasmas negate the beneficial effects
of increased collisicnal absorption, it is important to understand the
changing roles cf these processes as plasma scalelengths are increased.

For a given laser energy, many clever schemes have been develoved to
+~: produce longer scalelength plasmas than those that are available from solid
- 1227
’*f target ablation; 2.2 however, controlled variations of plasma scalelength

have not teen incorpcrated in experimenis using these schemes. Indirect

e evidence for increased collisional absorpticn and plasma instabilities at
SN
"} longer scalelength has teen obtained in solid target experiments by 1)

7 . . , . 28.30 5 . . .

® varying the laser pulse duration, 2) varying the focal spot size for a
.h-:" s - o3 2 31-3‘4 - 1 : -

T given laser-target configuration, and 3) allowing prepulses to

-:: irradiate the target before the arrival c¢f the main laser pulse.35'3] As

-3

L J laser systems have become more energetic, larger underdense »lasmas nave !
a0 been preoduced with Lp//\o (Xo is the laser wavelength) up to 30C at cne-tenth
c e 4 .. 38 _+0 . . -

RS critical density (nC/IO)- In these longer-scalelength plasmas.

®

o
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increased effects of plasma instabilities have GLeen inferred by comparing
results with those of shorter-scalzlength plasmas produced bty earlier less
energetic laser s:mtenzs.“““2

In the present work, the first experimental study of laser absorption
With contrclled variations of plasma scalelengtnh is reported. A novel

|

configuraticn of two laser beams is used which allows the production of a
long-scalelength plasma by one team and the subsequent irradiation of that
plasma by a second, high-intensity pulse. Underdense plasmas with Ln/)\o up
to 400 at nc/lO can be produced. These scalelengths are comparable to those
produced vy single-beam irradiations with much larger lasers.*? Moreover,
the scalelength of the plasma may be varied independently of the focal
condition of the high-intensity beam. This is advantageous because
rarametric instabilities which are preferentially excited in localized
regions of higher intensity or "hot spots" within the focal distridbution

remain unchanged with the scalelength variations in the present experiment.

In experiments where the plasma scalelength is varied by changing “he focal

conditicn of the intense beam or by comparing results from different

43

lasers, ambiguities can arise because these hot spots can vary greatly

between different focal conditions of a2 given laser system or between

.
- ifferent laser systems.

s

Q‘ The experimental arrangement used to produce long-scalelength plasmes
A
LN : s .. : .
ol in described in Sec. II. In the remainder of the paper we discuss the
J'_'

~ . . . . . - . -

- interaction of high-intensity laser teams with lcng-scalelength plasmas and
Fy

® derive results wnich may impact nigh-gain pellet designs. Scattered lignt
e

“~
<. measurements are discussed in Sec. III, and an increase in vackscattered
e . . .. . . s 44
A light is found to limit absorption efficiency at longer scalelength.

L Surprisingly, the increase in tackscatter with scalelength is not as rapid
0

o as might have been expected from linear theory with a constant noise source;
.5 3

.
®




L 2ad R R R R N S g N R O N N W N e N W T W T TR e Qe wrr g e e

this can be explained by cobserved reductions in srecular scatter, which may
te the noise source fcr S3S grewth, at longer scaleliength. Measurements of
2nergetic x-rays, indicative of suprathermal-electrcn praducticon, are

cresented in Cec. I7. An increase in suprathermal electrons at the lcager
- \ Y N N . -
scaleliengths iz attributed %o parametric instabtility at zuarter-critical

density (nc/h). Finally, perturbaticn of the preformed long-scalelength

vlasma by the high intensity laser bteam and the consequent self-focusing“b
are descrived in Sec. V. The implications of all cf these results are
summarized in Sec. VI.

In the parameter regime investigated here, the deleterious effacts of
zlasma instabilities seem to outweigh the berneficial increase in collisionai
absorption that is observed. While a direct extrapolation cf the results of
this experiment to high-gain systems must be dcne with some care, the
cbtserved effect of plasma instatvilities should te useful to benchmark
computaticnal and thecretical models that are used to extrarolate to larger

systems.

II. ZXPERIMENTAL SETUP

A. Simulitaneous Pr-oduction of Long-Scalelength Plasma and High Laser

~ntensity

© rreduce long-scaleleng+th plasmas with certrclled and variabla

scalelengtihs , tlanar targets of zclystiyrene [(CH)X are irradiated at a 7’
angle of incidence YLy one team of a “wo-beam, necdymi {Né) glass laser \KO

= 1.C54 um) system. This beam has a long pulse-durzticn (4-nsec FWEM) and

irradiates a large focal ar=a at the target {9C% oI ‘he energy iles within 2

-
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diameter 4 1080 um), giving a peak irradiance of about 6x1C0'% W/em®. To

50 ©
vary the scalelength of the plasma in a controlled way, this beanm is

By

arertured in the near-rield to reduce 4 the target. The increased

50 at
lateral hydrodynamic expansion frcm the reduced focal stot on target leads
to a reduction in the underdense plasma scalelength, as shown in 3ec. IZ B.
Three apertures are used in the present study, corresponding to focal
diameters of 360, 640, and 1C€0 um. These will be referred to as shere+,
redium, and long-scalelength background tlasmas, respectively. 3y using a
nearly constant peak intensity of this beam, the temperature of the
prefcrmed plasma (as confirmed by computer simulation and time-integrated
and time resolved continuum x-ray spectra) remains nearly the same as the
scalelength is varied.

To study the laser-plasma interaction at high irradiance, the second
team of the laser system is tightly focused (50% of the energy is within dSO
= 90 Wm) and aligned along the central axis cf the first beam, as shown in

Fig. 1. Vacuum intensities (averaged over dqo) srom 10'% to 1013 W/cm2 are

produced for incident energies between Y4 and 40 jcules. Incident energies

are quoted in the text because the actual intensities in the plasma may be
altered by self-focusing as discussed in Sec. V 3. The second beanm is
synchroncus with the peak of the first beam and has a reduced pulse duration
(O.3-nsec FWEM) to minimize the hydrcdynamic perturbations cf the tackground
plasma. Initially, the “wo laser teams have orthogonal linear
polarizations, but passage through a quarter-wave plate produces oOpposite

circular colarizaticns at the target and converts circularly rolarized

tackscatter into linear polarization befcre detecticn.

i |
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b 3. Characterization of the EBackground Plasma
(-3
.-‘1 -
‘ .;‘{i
’ Two-dimensional hydrcdyramic calculations are used tc predict density,
Sy terperature, and velccity zrofiles of ithe baczground plasma, as shown in
L Figs. 2-4. The computer code used for these calculations is an Eulerian,
! one-temperature fluid model that solves the 2quations c¢f fluid motion in
jc cylindrical coordinates. It includes hHoth classical thermal conducticn and
--\- - . '3 . . L) “ 3 - k) .
Co collisicnal absorption by inverse bremsstrahlung.” The abscrption is
by '~'~~
: cerformed along straight ray paths rnormal to the target using the
i
- - cylindrically averaged, radial iIntensity pattern that is determined
K- . .
oh experimentally on every laser shot in an equivalent focal plane
® Interfercmetric measurements provide an experimental check of the
pAY
-l L C s .
e bvackgreund-plasma density profiles up to quarter-critical density (nc/h).
g These measurements are made alcng an axis orthogonal Lo the target ncrmal
: using a shert pulse (0.3-nsec FWHM) of the third harmonic (A = 3513 A) of
b "\
N the incident laser. Abel inversicn of the interferograms yields on-axis
S
“
NN density profiles up to nc/h as shown in Figs. 24-C, In Figs. 24 and 2B, <he
aprarent snift of the interferometric data to smaller distances 2 than the
- calculated profiles iIs not significant; a slight curvature cf the target cr
WOy small errors in target tilt relative to the interferometric axis (given the
® size target fcils used) could cause errors in lccating the absclute pecsiticn
S cf the target (2z=0)., The shapes of the measured density profiles, hcwever,
S confirm the code-predicted density scalelengths for the three background
. "..'
° tlasmpas at densitiss n < n_ /L,
- z
T . 5 N :
e Confirmaticn of the calsulated temperature profile and the density
b,
o crofile up to n = 2n_ in the lcng-scalelength bacxkground plasxa is cbtained
B <
] {rcm x-ray spectiroscopic measurements, The data shown In Figs. 2C and ZC
.
s
o~ are obtained ty spct spectrascopy"’/'L'9 with aluminum tracer dots. Cnly the
-
.. 6
-\..
®
o3
o
.]’. -.‘_1 ﬂ BRI
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lorgest scalelength plasma can pe diagnosed in this mannner; the more rapid
change of plasma parameters seen by ions ficwing through the medium in short

-

scalelength plasmas invalidates the interpretation of the srectroscovic line

)

ratios used tTo neasure the density and temperature fcr these plasmasso.
Spectroscopic densities are within a factor cf two of those frcm *the code
and interferometry. At least scme of this discrepancy may te explained by
the averaging of the spectrcscopic diagnostic over the laser pulse, in
contrast to the instantanecus values at the peak of the pulse from the code

and interfercmetry. The underdense~plasma scalelengths from all three of

“hese techniques are in essential agreement.

IZI. SCATTERED LIGHT AND AESORPTICN EFFICIENCY

Experimentally, the absorption of the high-intensity beam is inferred
from measurements of scattered light. Light scattered outside the incident
lens cone is attributed to specular reflecticn of non-absorbed light at the
critical-density surface, as discussed in Sec. III A. Stimulated Brillouin
scattering (SBS) is believed to be responsible for light directly
backscattered through the lens, as outlined in Sec. III B. In Sec. III C,
comparisons are made between experimental absorption fractions and the

sredictions of *he hydrodynamic computer model. The wvariaticn of abscroticn

&

vith plasme scalelength Is discussed in Sec. III D.

utside the Lens Cone

U
.
(98]
O
e
¢t
¢t
[¢Y]
3
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t
b
03]
Ty
ct
[

Scattered light at angles cutside the incident fccal ccone Is measured
With an array of five dicdes with subnancseccnd response time: four

n
~V

detectors are deplcyed on cne side of the specular angle(il )
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of ircidence of <he laser, and a fith detector samples lignt on %he cther

side. I we assume symmetry abcut the specular direction, angular

™2
~t

ig. 5.

£
. *
[77]
«t
2l
%
o
[
o
..J
O
ja
w
[¢]

I the 3cattered light are determined, as shcwn in

With tihis assumpticn, iIntegrations cver zangle yield the fonal reflectivity

of light cutside the incident Ifocal ccne, as shown in Figs. 52-0. Tre
intensity of %this light increases with increasing laser energy and decreases
with increasing tackground plasma scalelength.

Tre data in rig. 5 are consistent with the hypothesis +hat this non-
atscroed light nas peen specularly reflected from the critical-density
surface. The decreased rerflectivity at the longer scalelength can be
expialirned ty ZIncreased ccllisicnal avsorpticn, which reduces the penetration
2 incident light to critical density and reflected light to the detectors.
Tn2 increase In reflectivity at aigher incident energies can be explained ty
increas=d plasma heating, which reduces collisional abscroticn. 7Thi
nypotzesis 1s suppcrted by ctredictions of ccllisioral atsorption Ty
krydrccode calculations (as discussed ia 3ec. III Cj; ctserved levels of

light scattered cutside the lens are cicse to code predicticns for specular

scatter of ncn-abscrbed light.

~

.7 Zens is obsarved

(DAY

laser light baczscattered through the incident £/

Wwith Totn time-resclving and “ime-integrating detectors. A zhotcdizde with
a risetime of 1.7 nsec distinguishes the shert-pulse taciscatier Irom tihe

lower=lavel, lcnger-duraticn taciscatter of the tackgrcound team.

visies zucted in this pager are cased uron Intezrated 2nerzies CI

3
D
e
}J
D
e}
ot
J4
<

tie short pulse tacxscatter tecause %he deteclor cannct time-resclve 1ne

short vulse. Two calorimeters are used iIn conjunction with a polariiinsg
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Teamsplitter to determine the total btackscattered energy in each cf twe
tclarizations. The short-pulse tacxscatier I1s feound %o te preferentially

rolarized with the same polarizaticn as that o7 the high-intensity Team,

unlixe the unpolarized tackscatter of =nhe tacxkgrouni beam. ZIzckscatter
raflecnivities, sncwn in Filz. £, lncrease with increasing incident snors

A

sulse erergy up to 13 Joulss, but decrease with further increase of the
incident energy.

Three observed properties of the backscatter are corsistent with
oroducticn by 3timulated 3Brillouin Scattering(SBS): 1) the backscatiered
light nas the tolarization cf the incident beam, 2) the reflectivitiss [(at
least at low inciden® ernergies) increase with iIncident erergy, and 3, the
rate of this increase becomes larger with lcnger bvackground-plasma
scalelength. However, iwe other characteristics of the backscatter seen
inconsistent wita SBS: 1) at zigher incident energies, the reflectivity
iecraases with increasing energy, and 2) the backscatter reflectivity in the
_cng-scalelength piasma is only about twice that in the short-scalelengt:
Tiasma, although the number of linear 828 e-foldings should e nearly
crererticnal tc the plasma scalelength.

The decrease in taciscatter reflectivity at the higher Incident

arerzies may be ccnsistent with SBS if strong »lasma perturtations at the
nignar incident energies are taxen into acccunt. An axial shock prcducec oy

e increased 7ass ablation rate Is predicted by 4ne nydrodynamic ccde at

e

~

® Tlow welocity and reduced plasma scalelengtias that result {rom this shcex
k-

R
b 312 ;‘ i < > - mamar = Tyd <
= cousd reduce *tne Z2rillcuin growhth length and therery thne Zrillouln

N
e
‘.

“ -—. o ol AT PO < o
Dg cackscatter, Turtharmcre, the possible elffect on 28 of self-focusing at
oo

.
AI'S B

the nigher inciient =narzies (3ee Zec. VB and Rel., w0 is difficult to
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assess. 4An Incr=ased angular spread of the dackscatter may occur, causing a

reducticn in the reflectivity observed through the incident lens. The

overflow of bvacxscattered light into angles just outside the incident lens

RN 2

aone cannct ce ruled out tecause scattered light menitored there ithe

.
0
ct

no
~ccation cr the dicde nearest the lens cone can be seen fronm
asout T’ frcm the edge of the lens cone).

The second apprarent inconsistency with SBS, the rfact that the
tackscatter reflectivity merely doubtles as the plasma scalelength dcubles,
can also be explained. A simple model for calculating Brillouin
Sackscatter, descrited in detail in Appendix I, predicts that the
tneoretical number of e-foldings in the long-scalelength plasma is
greater than %that calculated for the short-scalelength plasma. However,
this large difference in 3Brillouin growth may be partially cffset bty a
difference in the ncise level from which the instability grows. Specularly
scattered light, a likely noise sourze for SBS growth, is reduced in the
long~-scalelength tliasma oy abcut one corder of magnitude relative to the
level in the short-scalelsngth case. As explained in Appendix I, the number

cf e-fcldings required to amplify the experimentally observed specular

<=8

rerlection up to the level of the observed bvackscatter is within the 1C
uncertainty of zhe numter of SBS e-foids that is theoretically predicted for
bcth the lonz and short-scalelsngth plasmas. For the short-scaleleng

Dlasmas, Z.&4 linear e-rolds wculd te required to amplify the specular level

0f 1.25x10=" (+his is the porticn of the measured specular scatter that

reflacts into the incident fccal cone) up to the observed S.7% tackscatter
e - = Tnet g pA : . . L L 4 . - . 5 £ £ aralfe
evel at SJ or 1C J/cm® (in wvacuum); this is very close “o the 5.0 e-rfolds

o 3BS growth that is calculated for conditions of the snort-scalelength
is found that 9.4 e-folds would he needed =o acccunt

P

. . s ~Ale . 2 s . .
reflectivity at ot J/c:nZ in ~he long-scalelength




3l Salh Sal Bad Bk

This compares well

plasma, given the reduced specular level in tha

ct
[
»
n
®
.

with the 1C.2 e-folds calculated in Appendix I for the long-scalelength
rlasma. Thus, the ovserved increase in backscatter with rlasma scalzalength

. .

is entirely consistent with SES theory if the ncise

(¢

curce ror S35 growth is
specularly reflected iight.

Of ccurse, tais interpretation assumes that the high-intensity beam
dces not self-focus at these low incident energies. Experimentally, self-
focusing is inferred Crem Ewoimages only for E > 14 J (see Sec. VB and ref.
46); however, steady-state beam propagation calculations that agree with
these experimental observations also suggest self-fccusing at lower
energ_gies.“6 It is not possible, therefore, to absolutely rule ocut self-
focusing as a factor in this study. Self-focusing ccmplicates the
backscatter interpretation tecause: 1) near a focus, self-focusing both
increases the SBS gain coefficient due to the increase in intensity and
reduces it due %o the decrease in density and increase in temperature, 2)

the SBE gain coefficient may also be reduced in regions where the beam

intensity is reduced due to divergence from a focus, which might have been

ct

he optimal SBS growth regions bvefcre self-focusing, and 3) the total rumber
of 3BS e-foldings, due tc the integration of the gain coefficient over the

interaction region, may be reduced if the depth-of-focus of the self-

focusing limits the interacticn region more severely than the inhcmogeneity-
induced thacse mismwaich. Wnether the net effect of self-focusing is to

increzse or decrease 3EE depends upon the complicated interplay between

;k' :\' .“ : 'z

»
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2. Absorrtion Ifficiency

Y.

The exrerimentally defined abscrption fraction for the shert rulse Iis
ziven as N = Ll-3=3, wnere where 2 I3 the rerflectiviiy of backscatter
through the lens (see Zec. III 3) and 3 is the integrated reflectivity over
cther angles (see Sec. III A). Values of N inferred from the data of Figs.

s
)
£

ard 6 are displayed in Fig 7. Unfortunately, the configuration of %the
¢ ’ &

A\ ]]

axperiment precliudes a direct check of these absorpticn fractions by »lasma

calorimetry. The gquantity of interest, the absorbed energy due to the

short-pulse, high-intensity bteam, is buried within the larger amcunt of
ergy associated with the long-pulse beam.

These experimental abscrotion fractions are compared with values from
the 7ydrodynamic simulaticns. Because the code dces not treat plasma
instapilities, the incident energy used in the simulations is reduced by the
cbserved backscatter in crder to model reflections that occur in the

anderdense plasma. Thus, an energy &' = E{1-R) is used to model an
2xperiment with an incident laser ernergy E. The simulation indicates that =z
Traction I' cf the energy Z' is collisionally absorbed and the remainder is
srecularly reflected. For comparison with the experimental absorption
Jracticern N, it Is necessary to calculate the ratio of the absorbed energy
T'Z' <c the incident energy Xy this gives the code-predicted abscrrtion

. These calculated absorption fractions are ccmpared to

the experimental values in Fig. 7. The calculated absorption fracticns are

ccnsistent with or slizghtly sma than the experimental values, but ty no

mcre than 10% of the incident energy. The near agreement between the

¢t

talculated absorption fracticns £ and the experimental atsorpticn fracticns
1 Indicates that the absorztion of aon-backscattered light can te attributed

alncst entirely tc ccllisional abscrption. There are at least three
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possible explanations for experimental absorption fractions that slignhtly
exceed the calculated fractions: 1) with the limited number of detectors,
some of the scattered ilight might not ve detected, causing an overestimate
of the experimenzal atscrpticn fractions, 2) the calculations might
underestimate the collisional absorpticn since the code resulis have
slightly nigher temperatures than are xmeasured (see Sec. V i), and 3)
absorption mechanisms other than collisicnal absorption may be operative.
Nore of these alternatives significantly affects the inferred absorption
fractions, although item (3) raises concern atout the generation of
suprathermal electrcns by the additional abscrption mechanism(s), as

discussed in Sect. IV.

2. Variation cf Avbsorpticn with Plasma Scalelength

The overall absorption efficiency in the experiment does not vary
significantly with plasma scalelength, as indicated in Figs TA-C. As
discussed in Sec. III C, the absorption fractions can be almost entirely
exrlained by a ccmbination of classical absorpticn and a tackscatter

instabpility in the underdense plasme. The important

variation of abscrption with plasma scalelength teccmes evident upon
axamination of the relative role of these two processes in determining the

overall atsorption efficiency.

o v

cr exampie, at © = 12 J {(corresponding to a vacuum irradiance of

1AL 2

2x2C*T W/em® ), Figs. 8A and 8E show that the backscatter reflectivity R and

~

specular reflactivity 8 are 10.8% and $%, respectively, for the short-

scaielength zlasma. Thererfore, these two effects are contrituting nearly

x
(o)

equally in limiting the cverall abscrption n = 2 = R - S 2o 80%. Zven i

tiere were no vacxscatter, the imperfect efficiency of ccllisional

13
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absorption wculd prevent tctal atsorption of the incident laser ligznt. 2
different piciure emerges it lcng scalelength, where the tackscatter
reflectivity R = 18% and specular reflectivity S = 2.5% a3t £ = 12 J,
Without Tackscatter, the Increased erficlency of collisicnal absorption 1 -
S would cause nearly tctal absorpticn of the incident laser %Lean.
Therefcre, the backscatter reflectivity R has beccme the dominant factor in
Zimiting the tctal absorption N = 1 = R = S to 8C% in the long-scalelength
case.

A naive extrapolation cf the “rend of Figs. 8A and &B to even longer
scalelengths would iImply that the increased backscatter would tegin to
drastically reduce the cverall absorption efficiency despite an increasing
effectiveness of collisional absorption {unless collisional absoropticn
Yecame so efficient at low densities that it reduced the incident intensity
in the SBS growth region). However, the importance cf the ncise source for
538 from Sec. III B must »e remembered. 3ecause ncise sources can decrease

at longer plasma scalelengths, simple extrapolation of the present resultis

is not possible; in fact, as the levels of specular reflectiocn decrease due
to increased collisional absorption, entirely different noise sources suclh

as erhanced accustic turbulence may become dominant. %

I7. GENERATION CF ENERGETIC ZLECTRCNS

Zven though collisional absorption can account for most of <he observed
atscrptiicn, cther mechanisms, 2s mentioned earlier, may preferentially
deposit energs In energetic electrons. Even a small fraction cf energetic
electrons, while nct impcrzant from the standpoint of atscrption efficiency,
ray cause unaccertatle l2vels in fuel preheat., The exact level of

acceptable greheat depends upon the details of specific ICF pellet designs; !

14
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however, as little as 0.1% of the incident laser energy deposited into a
Maxwellian distribution of suprathermal electrcns of sufficient temperature
may lead to unacceptable preheat.l

A, X-RAY S

7]
L4
@'
13
tg
o

To determine the level of energetic-electron productiocn in this
experiment, temporally and spatially integrated spectra of the continuum x=-
ray emission are measured. Arrays of detectors with K-edge filters®! are
used: seven PIN diodes for the 1-10 keV spectral region and seven

scintillator-ghotomultipliers for the 20-115 keV region. Measurements are

made at 120° to the incident laser-team direction, and isotropic emission

into 4T sr is assumed. The three detectors recording x rays greater than S0

xeV mreasure only tackground levels. X-ray spectra are unfolded from

measurements below 50 keV, and electron temperatures are extracted frcm the
slopes of the spectra. Two such spectra are shown in Fig. 9, corresponding
to a fixed shcrt-scalelength background plasma tut different short-pulse
iaser energies. Because the detectors are time-integrating, the low energy
x-ray emissicn is biased by the lL-nsec pulse which generates the background
plasma and contains a large fraction of the incident laser energy.
Consequently, the spectra in Fig. 9 are quite similar at lcw x-ray energy
although at the nigh short-pulse energy there iIs consistently aigher x-ray

emission as shculd be expected since the short-pulse energy is aprroaching

that cf the backgrcund beam energy. Average values of the thermal electron

@

a
'Y

vemperature, determined from slores of the 1 tc 3 xeV spectral region at low

Nttty
TR
o
-f‘u

v

shert-pulse ernergy are 285, 300, and 325 eV for the short, medium, and long

v

L}
K

'@ scalelength plasmas, respectively. These temperatures are nearly equal, as




predicted by hydrodynamic calculations, because the irradiance of the L-nsec
pulse is held nearly constant as the scalelength is changed.

Inergetic =lectrcn troduction Is inferred from a high-energy tail cn

2

the continuum x-razy stectrum. iz 2mission is sensitive %o the siacri-pulse

laser energy, as shown in Fig. G. In the low-energy case (7.6 J,
corresponding to 1.9 x 10 w/cmz in vacuum), this emission is less %han

experimental detecticn limits, as shcwn by the dashed line in Fige 9. The

L-nsec laser pulse gives no detectable high-energy emission tecause it is at
too low an irradiance. At higher short-pulse energy (e.g., 21 J,
corrasponding to 5.3 x 104" w/cm2 in vacuum), x-rays with energies greater
than Z0 keV are observed, Indicative of the rresence of suprathermal

elactrons. This emission increases with laser energy as well as with

vackgrcund-plasma scalelength, as discussed below.
The exponentially falling high-energy tail of the x-ray emission is

m

characterized by a hot-electron temperature (‘h) derived from the slope of

)

~ne z0 to 50 xeV region of the x-ray spectrum and by *he total energy (520
defined as the integrated x-ray flux above 20 xeV. Values of Th are pre-
sented in Fig. 10 as a function of the short-pulse laser energy (the corres-
conding vacuum intensity is shown at the top of the figure) for all three
scalelengths. These temperatures range frcm 6 to 10 xeV and have little
dependence on laser 2energs. Average values at the three scalelengths are
indicated in 7ig. 10, and no more +than a weak derendence on the scalelength
is cbserved.

On the other hand, the intensity of the energetic x-ray emission, shown
in Fig. 11, has several distinctive features in its dependence on snort-
tulse energy and plasma scalelength. Two thresholds are evident in the

ariation of Z..; first, with increasing short-pulse energy at shcert scale-

“20°

length and second, with increasing plasma scalelength at low short-pulse
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ig. 1Z). At short scalelength, Z.. increases rapidly at an

20

aprarent thresheld at ® 5 J ccrresponding to 3 vacuum irradiance cf =1x10b"

N ey

SAAPAASNSPY LuiM

v W/2n". Above 20 J, E?O increases less rapidly in the short-scalelength
5 s~ilasma. At long scalelength, ernergetic x-rays are detected even for laser
..

\ scalelength for x-ray precduction at low incident energy. At higher 2nergy

2

|
. energies less than 5 J, so there Is a threshcld with increasing plasma ‘
X J
I
|
|

(s.g., 20 J, corresponding to a vacuum intensity of 5 x 10** w/cm?), E2O is

s e e W

\
) nearly constant as the scalelength is increased; however, there is con-
: siderably more scatter in the measurements at longer scalelength and higher
- laser energy.
S . ~ . P .
- The fraction cf laser energy deposited in het electrons is evaluated
k.
¢ from the measured energetic x-ray intensities and hot-electron temperatures.
4
.- The fraction, fh’ is defined as the fraction of the incident laser energy
» (ET) which is contained in the entire Maxwellian distribution of the
-d
he energetic electrons characterized by Th' If one assumes that the
& high-energy x-ray spectrum is produced by thick-target bremsstrahlung52 frem
.
R electrons which Impact the target and “hat orne-half ¢f the generated
: energetic electrons are directed into the target, one rCinds:
- £ = 1,43 E,.(ergs/sr)/[E,2C(T,_) i
- where C(Th) = TH[exp(-QO/TH)-exp(-SO/Th)], ”I‘,1 is in keV, and Z is the atomic i
. . - . . . .
¢ numpber of the target. ¥or polystyrene targets in this experiment Z = 3.5.
. Values of f‘Ll are presented in Fig., 12 as a functiorn of the scalelength
. at nc/h since quarter-critical processes are a likely source of the
. 2nergetic electrcens (see next section). Results are presented for both high
1 {20 J) and lcw (7 J) shcrt-pulse energies. At high energy, the hot-electiron
<
j fraction 1s not sensitive to tne change in the preformed-plasma scalelength
~
q at n_/4. Many speculative explanations may be offered Ior this observation,
< ~
- but at these higrer energies the pertubaticn of the plasma by the shert
\'. 17




pulse (Sec. V and Ref. 53) and the occurrence cf self-focusing (Sec. 7 3
and Ref. 46) greatly complicate the interpretation. Frofile steepening in
| the underdense region may cccur so that differences in scalelengta *hat
4
LA .
:;\ initially existed at nc/u in the bvackground rlasma are no longer Jresent.
- Also, at nigher erergy, n_ processes may be significant tecause more
(") incident light reaches nc in hotter plasmas. Jurther studies are required
o
L&@ Lo identify the process(es) which generate suprathermal electrons at higher
Wk
Wy - ]
.$1. erergy in these experiments.
-
- LY
’ At low energy (7 J), a threshhold is apparent in Fig. 12 between the

shert and medium scalelength conditions. In contrast tc the result at high

energy, the hot-electron fraction increases with increasing scalelength at

..l‘l. - . 1

P nc/h, as one would expect if the hot electrons were due to a plasma

T . . . . .
o instability at that density. Furthermore, the observaticns at low energy do
s

:{{f not seem consistent with not-electron production by rrocesses at n,» e
NS

’ scalelengths at n_ are calculated by the hydrocode to be nearly the same for

-

e the three focal conditions (an entirely reasonable result because the

critical surface is too close to the target to be significantly affected by

the Z-D expansicn that is causing the scalelength variations in the
SN underdense plasma further from the %arget). Wwith constant scalelength,

differences in hot-electron prcduction at n_ should be due to changes in the
>

amount of laser light that penetrates to that density. Less light reaches n,

o
2 in the long-scalelength plasma than in the short-scalelength plasma (22% vs.
Aty

A

‘\"' 3 + 3 .

ixy 53% acccrding tc nydrccode czalculations), so cne would expect fewer hot

e

L

g electrons to bte zenarated at n  with increasing scalelength. The measured
" u c

1-_'..
S . . . . . 5 R . .

e variaticn Is Just the cprosite and supports hot-electron production oy an
1 N
» N'
‘O anderdanse 2racess at lowWw snort-rulse energies.
'fnﬁ
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=1 Be 3w0/2 SATA AND CCORRELATION WITH X<RAY DATA

>

IS . . . Cmas

Sl Tc “est for hot-electron prcduction by nc/h instabilities, measurements

' cerrelating energetic x-rays with zuo/z light were made fcor lcw short-pulse

“ s

qu energies.’ The 3wo/2 1ignt emitted in the plane of iIncidence at angles of
).(:'.

r ~n0 3 )4 0 TN + {2 Ry ’3"0 1 < + +

L 30 and 457 with respect to the laser axis (24Y and 35° relative to the

‘") target normal) was coupled to either filtered photodiodes to give good +ime

L .

oN resolution (C.35-nsec risetime) or to a spectrograph and optical

.l .l

{12 tichannel analyzer (OMA) to give temporally integrated w /2 spectra.

v The observed duration of this emission is limited by detector risetime which ‘
;t indicates that the 3wo/2 light is associated with the high-irradiance short
W

193

'C laser pulse rather than with the low-irradiance l-nsec pulse. Spectra cf

3“0/2 emission measured with the OMA are presented in Fig. 13. These

J
- spectra exhibit the characteristic two-peaked distrioution (centered near

3wo/2) that is usually attributed to processes involving plasma waves driven

by the 2wp instability. Increased spectral broadening with increasing laser

::i energy is apparent. For the photcdiode detectors, the filter transmission
10
-;} is sufficiently broad to provide relative intensities of the 3m0/2 emission
o

Wwithout ccrrecting for variations in the spectrum.

Tre results of these Jw /2 intensity measurements for short and long
plasma scalelerngths are compared Wwith energetic x-ray measurements in Fig.
L4, Tor short scalelength, a detection threshold for energetic x-rays Is
ckserved near 5 J; at this energy, the 3wo/2 emission increases abruptly by

zore than an order of magnitude. Abtove £ J, these radiations scale together

Wwith increasing laser erergy and plasma scalelangth. This zositive

f;; correlation of 3wo/2 with energetic x-ray intensities as bota irradiance and
.

t}* scalelerngth are varied (a correlaticn with a two-dimensional parameter

L

121 variation rather than the usual one dimension) supports suprathermal-

f:
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v

elactron gereration by a n, /4 process tecause 3wo/n emissicn is indicative

cf plasma density

fluctuations near 3C/h.

C. DPLASMA INSTARILITIZS AT QUARTER-CRITICAL DENSITY

AT

Slasma instapilities whicn zculd drive plasma waves near n /5 ‘and %the

-

resultant suprathermal electreons), ars the ccnvective Raman, the absolute

Raman, and the QwD

processes. Growth rates and threshclds for these

-

rrocesses have been evaluated for the dlasma ceonditions in this experiment.

3cth collisicnal and Landau damping, as well as the effect of inhcmogeneity

in the underdense

regicn are included in these calculations.

For the convective Raman process, the number of e-foldings in intensity

s given by:°*?%3

where the homogen

The grcup velocit

scattered and Lan

~ 2 - - -,
qI =2 X!
e Yo/(IsJu< )
eous growth rate Y I

=k, v_/u(w_ju_)i/?
Y K rol ( p/ 3) b

2 ~ { 2‘ - ‘ 2\ 2
w x{=1/(% +1/(x 24 )+1/(3k, )
2/(aL x(=1/ (e ?)w1/ (g o )vn/ (3ky | o?)]
ies VS = ¢? k_/ws and vV, = 3 v‘)'kT/wY correspond to the
< o 2 4L iy

gmuir waves with wave numter (frequency) values of x _{(w ]
b3

ard x,(w_!, respectively. The laser is incidjent frem the +x direction with

=

wave pnumzer & in the plasma and produces an electron quiver velocity v_ in

o}

~ae plasma. Thae

{ 1
c. ~
k/ //,and S‘}‘l'

]
Y
w

value cf s in this paper is twice the wvalue o2rf v_inr

X
o)

1
I

or a laser of waveliengtnh in 4m and with Irrrzdianc
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in W/ cmz, v, = ES.6XOIL/Z in cm/s. The plasma freguency is wp = v_/A., and
= s

the electron thermal speed Is v_ = (Te/m)*/z.

or the lcngest scalelength (L_ = 320 um) and for an irradiance of 1C*7

pes

%]

Y
W/cm®, we find the number of convective Raman e-foldings Y. < 0.5 in the

SRS

underdense region where 0,25 < n/nc < 0.240, For swaller values of n/n .,
c

the lLangmuir waves are strongly Landau damped. As the density apprcaches

n /4, the evaluation of N 5° and these

N W . . fails
o srs o the WKB approximaticn fails,

/

plasma waves are trapped at nﬂ/l&.S A condition for the Gtreakdcwn of the
A

58

WK3 approximaticn is reached in this experiment for n/nC = 0.0245, but for

n/nc < 0,240, NSRS is at least a factor of three less than the value at the
WKB limit. We conclude %that ccnvective Raman is unlikely in this experiment
because less than one e-foldirg of growth is predicted =at 10tk W/crn2 {(the
irradiance at 5 ¢ if there is no self—focusing) in the region below G.Zhnc.

For the absolute Raman and 2w_ processes, the following expressicns

Fod

Wwere used to evaluate growth rates for the plasma wave amplitudes generated
ty the instabilities:

. 4455
Atsolute Ra.man:S 23

= ( /2y 19 /(37 =372 ¢y 'n
r (m vc/xo) (3*7€) /4% [1-1/(3 AOLn)(VO/c) |=(y. + vc,g)

a

~3
"
e

r 372, 2 . -
. v [Li13%7%% ve oy w Y)ew J(Lk L Jo(v_+v [/Z
cw 5 O/ -2 7 9/'2,0 p)l p/\ ky n) \{u o )rms

waeres & Is the transverse momentum o7 the plasma waves. The ccocefficzisnt
J

:;/’2 2o JIRS -1 - ;I o+ A dim . - . P 0

: /2 in the second term ol ihis expressicn corrects an 2rrer in ref, =0

'3ee the linear it in Fig. 4=-L4 of <his reference). 23lszo, *he

TR
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inhcmogeneous term has teen modiflied to correspond to “he derini<ticn of L

. n
:;: in this paper. To account phencmenclogically for damping, “he rates Ior
B4
: - - YA . L. - .9 .
{ _andeu damping®® (Y.) and electron-icn collisional damping®3 (v.) are
. ~ —
Ry suttracted frox these grocwth rate 2Xrressicns. Cor she W _ Process, TWo
ona Z
o olasma waves are generated; the total damping rate for each wave is taxen ©0o

ve the sum of the Landau and collisional damping rates and the rms value of
the total damping rate for the *two waves is used to evaluate the growth

rate,”"

\ N \ 1t . 2 -
(x Thresholds (zero growth rate) and growth rates at 10°* W/cx® (the

irradiance at 4 J if there is no self-focusing) are listed in Table I for

A these processes. For the END process, a plasma temperature of &CC 2V near

&

® no/h is taken from the hydrodynamic calculations for <inis short-pulse

energy. The calculated growth rates at long scalelength for both

instabilities and at short scalelength for the 2wninstability allow several

&

preny
(b

-fcldings of growth during the 300-psec laser pulse. The lower thresholds
:71 and faster gzrowth rates for the 2wn instability suggest that this prcocess is
“_f the more lixely source of suprathermal electrens in this experiment, at
Zeast at low snort-pulse energy. furthermore, this instability most easily
acccunts for the double-peaked 3wo/2 spectra.

The measured values of the hot-electrcn temperature are significantliy
g

.ass *“han *enperatures associated with =2lectrens trapped in the most

o unstatle Tlasna waves asscsclated with these ins%tabilities., Calculated
- values of Z\i at threshold Tor the Zw_ process are presented in Fig. 1P in
- r
‘ Serms oI Sn2 wavae nuntar “ transverse to the dlirezticn 2f laser
sroragaticn. The zlaswma waves are strongly damped 2t the largzer % malies,
oredeminantly by Zaniau dampinz. The minima oY the curves for L o= 1LO um

L - PIRRY - - '
v3acrt scalelength, and 2 = ZZ20 im

I fir twc-plasrc:on decay. These mest unstatie

~nreshold values ia Table

~..' V~\.-.~ ~' . - N ~-." -'4.‘5’ .ot .o e
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Using the »- and X-matching relaticns for the three waves of the Zw_

b4

l'l N |

Instaglility and for the ccenditions of this experiment, we Find with this

—iuy

trznsverse somentum that the twe rlasma waves have kXD 5 0,27 and x\. =

o

2 e a2
[ I ]

N C.02. I the not-electron temperature 1s given by the energy asscciated

Fal

\ with the prase velocity Vhb of the most unstable waves, then the tlasma-wave
- > EY

L dispersicn relaticns give:

™ = v2/' = = y =2
{ =2Vl 2 = T 3 )7

N

where T 13 -re -lacza thermal “emperature. TFor the larger XA, value and Te
e Fvg
] = Al0 2y it T+, Ii. s impiies TH > 1CC keV, which is more than an order
e of magni=ude larser than the xmeasured values of Th (see Fige 10). The

measured hot-2lectron temperatures correspond to plasma waves with kAD =

( Je25 %c Zeo2, Wwnich are strongly damped and therefore less likely to ope
b}

@ V. PERITURBATIONS TO THE PLASMA AND SELF-FOCUSING

ERENERE

LI
. %

A !l

Temperature Pertubations

aw,
x
.

'®

=]

erturbaticns to the background plasma oy the 300-psec, aigh-irradiance

- laser beam are nct completely eliminated by using a short pulse-duration;

W0
£
[oY
”
t
}J
O

ional plasma heating does result from the nigh intensity of this pulse.
emperatures of the btackground-plasmas that are heated by the long pulse
only ani “emperatures of the rerturbed-vlasmas that are heazed by both laser
ruises are determ'ned oy time-resclved measurements of the thermal x-ray

1

wo detectors are used, with X-edge filters that are designed to

-
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*&ﬁ Table I Thresholds and Growth Rates at 1 W/cm
Underdense Plasma Instabilities.
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detect 1 %o 1.5 keV and 2 tc 2.2 keV rphotcns, respectively. Measurements
with identical filters on these two detectors are made %o ccrrect for
different detector sensitivities. Fach detector consists of a 1.€6-mm “hick

1]

. . . .- o/ .
‘3% venzopnenone) plastic scintillator®’ coupied ¢ a -acuum

s

13
It
¢
.3
O
[
@
[OR

chotodiode giving an overall response time * 0.7 nsec. ©Oscillosccope traces
for these *wo detectors (Fig. 16) show a subnanosecond radiaticn spike,
associated with the short laser pulse, cccurring near the peak of the lcnger
duration x-ray pulse that is associated with the long laser pulse. X rays
from the lorg pulse are time-resolved, but the short pulse is time-
integrated by *the detector. For a Maxwellian electron-energy distribution,
temperatures may be determined frcm the two detector signals because the
ratio of the signals is a strong functicn of plasma temperature for
temperatures < 720 eV. Backgrcund-plasma temperatures, evaluated at maxiImum

Xx-ray emission of the lomg opulse, are 210, 350, and 370 eV for the short,
One possitle explanation for the measured small Tk-values ig tha%t the
4

transfer of energzy from the plasma waves to the =lectrons may be preceded by

wave erergy cascading from the 2wp driven, small-x modes (which are weakly

damped) to the larger-x modes which are more strongly coupled to the

LS

oo

electrons bty Landau damping. This process has been predicted

"i
L

2 N

theoreticallyb* and has been observed in ccmputer simulations of the 2w_ and

An
s

(e]

65 Zxperimental evidence has zlso been obtained for ion ‘

o

Paman instabilities.

.«
e
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W waves that may cause this mode-coupling of electrcn plasma waves. 6

.ﬁx medium, and lcng scalelength conditions, respectively. These values

p. - ;

) represent averages over ©-T shots where the shot-to-shot variaticn Is €
K+

10%. These temperatures are consigtently nigher than the the time-

integrated measurements (see Sec, IV), as one intuitively extectis.,

) rerturted plasma <emperatures, determined from ratios of the peakxs of the
s N - 5 co s .

s short x-ray rpulses, are plotted in Fig., 17 as a function of the short-pulse
b

\.

3
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o resolved vackground-plasma temperatures are displayed as dashed lines for

ccmpariscn. These results indicate that, on the average, the tlasma “hermal

By

hort tulse,

ul

temperature is increased by Z20~4C% due tc the aign-irradiance
Because these detectors integrate the short x-ray pulse, the perturbted-
plasma temperatures represent lower limits on the plasma heating; the
temperature increase may be larger than indicated by these measurements.
Hydrodynamic simulations of the experimental condizicns are also used
to assess perturbations to the plasma bty the short-pulse beam. For these
simulations, temporally and azimuthally averaged radial team profiles of the

two incident laser pulses, based on experimental measuremem:s,ba are used.

L@
3R

The simulazicns provide temperature and density profiles of the target

.'f;‘

plasmas 2as as a function of time during the laser pulses. These profiles are

5y
v

5 Je .

h)

used to calculate free-btound x-ray radiation spectra for comparison with the
experimental measurements. Temperatures are derived from the slopes of the

calculated x-ray spectra in the 1 %o 3 keV region. Rackground-plasma
g g T

ct

emperatures are cormputed from spatially averaged instantanecus spectra at

-

ne peax of the long laser pulse; the condition corresponding to the time-

+

<

resolved, tackground-plasma temperature measurements. Calculated

se p RS

Lo temperatures for the short and long scalelength plasmas are 360 and 405 eV,

® resgectively; which are 1C-15% higher than the measured background-trlasma
T temperatures. Certurted-plasma temperatures ares computed Jrom x-rzy stecira

SN which are integrated spatially over the entire plasma (out subtracting cus

P

[ ] “ne centriouticn of the long pulsze using a separate computer run with nc

F:

F{v short pulse) and %temporally over the short pulse duration; zhe condision

(S

'.-‘_'. . - - .

tz}' corresgonding to the perturved-nlasma “emperatiure measurerments. Calculated

.’ temperatures for srnort-rulse energies <f 5 J and 25 J, for snort and lcng

Yt

s . .

b rlasma scalelengths are shcwn in Fig. 17. The calculated temperaturss are

» oS i 23
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consistently higher than the experimental wvalues, but calculated ratios of
the temperature increase due to pertubaticn bty the short pulse are in good
agreement with %he ratics cased on the measured temreratures. The larger
calculated temperazures may te due =0 the fact that refraction of the
incident laser beam In the underdense region is not inclucded in the
calculations. Cnly a small amount of refraction would be required to
increase the heated target area oy the 10% needed to explain the
discrepancy.
B. Density Perturbations and Self-focusing

The hydro-ccde predicts two types cf density pertubations that resuls
from the higher-intensity short pulse. At the higher pulse energies, an
axial shock propagates down the background density gradient, driven by the
increased mass ablation rate due to the nigher incident intensity. In Fig.
18 is shown the temporal evolution of the axial density and velocity

profiles for a case with 25 J of energy in the short pulse incident upon a

long-scalelength background plasma. Note the rather large perturbaticns of
the density and velocity scalelengths near nc/h at a time shortly after the
peak of the short pulse. The locaticn of this shock temporally and
spatially Is sensitive to the details of the experimental conditioms. It
may explain in part the increased scatter in the energetic x-ray intensities
at nigher shert-pulse energies (see Fig. 11) as well as the falloff in
tackscatier reflectivity (see Sec. III B). A second type of density
perturvaticn results from the radial pressure iIrbalance caused by iccalized
neating in the high iIntensity channel. Shown in Fig., 19 are radial Zensity
and temperature profiles predicted ty the hydrodynamic simulaticns at two
axial locaticns: one near nc/h and the cther near nc/lO. Four cases are

represented near the extremes o the experimental conditions: nanely low

(5 J) and nigh (25 J) short pulse energies and short and long background-
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plasma scalalengths. The cn-axis density depression 4n/n increases with

both increasing =nergy and increasing scalelength, ranging from a negligible

level at low energy and short scalelength to nearly 13% at :ﬂ/b fer the 29

r

J, long-scalalength case. It shculd be =mphasized that %hese calculaticns do
not include laser beam rerfracticn (self-focusing) due tc these plasma
density perturbations; <therefore, these calculations probably underestimate
the actual perturbaticns, and they serve mainiy as a guide to the potential
fer induced radial perturbhations.

Time-integrated, spatially resolved images cf second-harmonic (2wo)
emissicn can provide experimental evidence for such rlasma perturbations and

for self-focusing at the higher incident laser intensities.

2mitted from the plasma parallel to the target is collected and collimated
with an /2.8, 10-cm focal-length lens, then imaged onto film with a 5C cm

lens to produce a recorded magnification of 5. A narrow-bandpass

interference filter (12-A FWEM) is used to select the second-harmonic
wavelength (527 nm). A Wollaston prism is used on some shcts to obtain two
3eparate images of the orthogonally polarized 2wo light.

A thresnold is oovserved where the patterns of 2wo emissicn change

ramatically. At low short pulse energies corresponding to vacuum

intensities < 3x10%* w/cmz, a large region of weak 2woemission is otserved
in the region corresponding to the ® 1 mm spot diameter of the long pulse
beam. This is grimarily plasma ccntinuum radiation that falls intc the

bandbass of the filter. There is an additional region of emission between

the n and n /4% density regicn with transverse dimension comparable to that

2 c

o

T of the high-intensity beam. This Is orimarily EMO emission as verified by
e rilter substitution at nearby wavelengths. There is no evidence in the

v
.
A

T
Tete e

lcwer-intensity shcots that the tackground plasmas are appreclavly perturbed,
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At aigher intensities (23x10%“ W/cm?), in addition <o the ungclarized
light from the n, to nc/h region, intense filamentary structures {rolarizes
nermal to the direction of laser beam propagation) appear far frcm <he
target surface (up to ® 1 mm), corresponding to background-vlasma densitizs
between 0.01 and 0.1 n,. These often appear as multiple Tursts of abcut 120
um length and € 5 Um diameter. The polarization of the emission frem the
region far from the target is consistent with second-harmonic emissicrn
produced by an electric field vector oscillating along a radial density
gradient, as expected if a density channel existed along the laser axis;
this is in contrast to the polarization observed for the light from the
higher density regicn which is more consistent with an electric rield
oscillating along a density gradient parallel to the laser axis.

The distance from the target at which the filamentary structures rirst
appear increases with the scalelength of the preformed plasma. Furthermore,
the background-plasma density corresponding to this distance also decreases
with increasing scalelength (from 0.08 n, in the long-scalelength plasma to
0.2 n, at short-background scalelength. All of these 2wo observations ar
consistent with self-focusing of the incident laser beam in the underdense

region, which can result from the creation of a density channel along the

laser axis. !
Theoretical estimates and computer simulations support the

interpretation of self-focusing of the high-intensity laser beam. : steady-

state treatment of self-focusing, including ponderomctive and thermal terms,

shows that under the conditions of this experiment: 1) the ccnvective growth

lengths are indeed short enough to allow significant filamentation, and 2)

the ponderomotive term dominates the thermal term in the far underdernse

4o

plasma. The calculations support the experimental observations that: 1)

29
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+he self-focusing occurs at a very low plasma density (n < 2.1 nc) in %he
long-scalelergth plasma, 2) the distance from the target at which the veanm
self-focuses increases with plasma scalelength and 2) the dernsity at which
self-focusing occurs decreases with increasing plasma scalslengta. The
croduction of second-harmenic emission in these very underdense filaments
has been explained bty a theoretical model involving the interaction cf the
incident laser bteam with reflected or backscattered light.“e While the
cbserved trend toward increased self-focusing at lower densities for longer
scalelengths is somewhat troubling for laser fusion, it must be remembered
that this experiment is particularly susceptible to self-focusing due to the
low plasma temperatures and small focal spot sizes with strong radial

gradients.

Vi. SUMMARY AND CONCLUSIONS

>
-

n this paper we descrite a new technique for simultaneously generating
nigh intensities and Zong-scalelergth plasmas which are of interest for
absorption studies relevant to high-gain systems. It involves the use of a
two-beam system where a high-intensity, short-pulse beam is tightly focused
onto a long-scalelength preformed backgrow.rd plasma generated by a large
focal diameter, long-duration, low-intensity beam. For a given laser energy,
this method allows the production cf a much longer plasma scalelength than
is possible with a single beam at nigh intensity. An additional advantage of
such a system is that it allows inderendent contrel ci the incident

intensity and plasma scalelength. It alsc allows more Iindependent ccntrol of

2lasma temperature than with a single team.

30
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The new %“echrnigue also has some drawbacks. One disadvantage is that the
plasma temperatures are lower than thcse anticipated for high-gain laser
fusion. There are two other inherent limitations: 1) The limited diameter
of the nign Intensity beam may crevent adequate simulation of plasma |
irstabilities (e.g. 3Brillouin sidescatter) that require a large transverse
scalelength, and 2) the high intensity beam may perturb the long-scalelength
vackground rlasma, clouding the interpretation of the results and making
axtrapolation to high-gain systems difficult.

These difficulties can be overcome somewhat by increased laser energy.
With more energy the sprot size of the high-intensity team can e increased.
This increases the radial scalelengths to allow transverse growth of plasma
instabilities and reduces the lateral gradients that drive the radial
perturbations. The axial vplasma perturbtations are somewhat more difficult
to control. Basically, there are two competing effects. Reducing the the
pulse length of the nigh-intensity beam will recuce the effect of the axial
sheck wave if the high-intensity interaction is completed befcre the axial

-

shock reaches the underdense region. On the other hand, shortening *the pulse

duration might also limit the growth of some plasma instabilities of
Interest.

These experiments provide the first direct measurements of the
rariaticn with plasma scalelength »f absorption phenomena important to high-
zain systems; however, extrapolaticn c¢f these resulis to nigh-gain systems
must te done with some care. The results that are most relevant tc high-
Zain systems are: 1) the limi<ation of absorpticn by backscatter at longer
scalalength, 2) %he increased production of energetic electrons at longer
scalelength, and 3) the onset ¢f sel’-focusing. The scaling of each of these

resulss is discussed telcow:

31
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1) Absorption
If we restrict ourselves to low incident =2nergiss where the effects cf
rlasma terturbations are exgected to te minimal, the resulis of the

4

scattered light zeasurements cutside <he focal :one indicate thaz

[77]

collisional abscrption beccmes increasingly effactive a2t longer

scalelengths. At the same time, =the levels «f tackscatter are found to

5

increase at longer scalelengths (at mid 10°" W/cm® backscatier reaches 220%

)

for tne longest scalelength). In Appendix I, this cbserved variation of

1y apd, Ay

backscatter with scalelength is seen to agree with linear SBS theory if the
noise source for the instability iIs specularly reflected light, which
jecreases with increasing scalelength. At the longest scalelength of this
exreriment, collisicral atsorrticn nesrly saturates and the increased
cackscatter limits the overall 2bsorption. As pointed out in the Appendix
and in 3ecs. III 3 and III 2, the exact levels of backscatter in a high-gain
o
systemr alsc depend urpcn Instability noise levels, which may be very
different from thecse of the exreriment. Nevertheless, the increase of
tackscatter with scalelength that is obs=srved in this exgeriment, ccoupled

with the agreement with 3BS theory, raises serious concern that a2 narrow-

.
.

5N

Dandwidth, 1 Bm laser system will have unacceptably high levels of

2ok

backscatter at the rmch lecnger scalelength of a high-gain system.

By

>
P

o 2) Znergetic Electrons

RON The correlation of 2nergetic x rays and 3w3/3 light prcvides evidence
< o , . . . . .

T fcr the preducticn of energetic electrons in the underdense region near
~

a2 /u. This is important for laser fusion tecause laser light is exrected o

regch the n_ /L4 regicn even for the longer scalelengths associzted with high-

sain systems. If tihe energetic elsctrcons were prcoduced near the critical

)

surface as In many short-scalelengsh experiments, they would te of

concern; in sthe longer scalelengths of high- gain systems, only a small

32
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percentage of the incident laser light Is expected to reach the critical

surface.

o
‘-

Zvidence for two threshclds for the cnset of hot~electron production Iis
‘cund, cne Witz Increasing plasma scalelength at low laser intensity and
ancther with increasing intensity =2t short nlasma scalelengthk. While the
level of energetic electron production is of some concern, direct
extrapolation of the levels and temperatures of the hot electrons to high-
galn systems is difficult because the scaling laws are not well known.
However, these results provide valuatble benchmarks for theoretical or
ccmputational models that are used for scaling to high gain systems.

3) Self-focusing

Zvidence for self-focusing in the far underdense plasma (n < 0.1 nc) is
found in filamentary emission of 2wo light far from the target surface.

This result is not directly scalable to high-gain systems because this
varticular =2xperiment is highly susceptible to self-focusing due to the
strong radial pertubations of the plasma. The high energy beam in effect
acts like a hot spot in a colder background beam; at the highest short-pulse
Intensities, this not spct represents a 100:1 intensity modulation over the
background-intensity, far more than the few rercent envisioned for high-gain

laser fusion. However, the results of this experiment have demonstrated 2wo

. light as a2 diagnostic for detection of self-focusing. Moreover, the gcod

I_'

b . - ~ - o .

r- agreement Gtetween the computaticnal model Zor self-Tocusing and the

" . 4o : s 3 P13

= axperiment ° Zivres some confidence in the ability of rresent theory tc

-

h - . . ~ s .

¢ credict selrf-{ccusing in 2igh-gain systems.

.~

Pv-i <

J me resulis cf this experiment indicate that narrow-bandwidth 1 um

.

N- - s . » 'R} . s - . . . . o

?_ laser 1ight i3 very likely to nave consideradle difficulties as a driver for

b > 3 - :
nizghegain systems due to reduced absorrtiion efficiency and increased
energetic =lectron producticn at lcnger tlasma scaleslengths. Hepefully,
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orogosed mechanisms such as sherter laser wavelength and wider laser
vandwidth will be sufficient to control the plasma instabilities that cause

T
d.U-A-eS.

tnese absorztion difficu
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APPENDIX I. Brillouin Backscatter Calculation

As discussed in Sec. III B, a simple model Jor calculating Brillouin
vackscatter reflectivity is constructed ia corder to determine whether :the
observed Increase of reflectivity at lcng scalelength is ccrnsistent with

SES. The reflectivity R wvaries as®?

25 ]
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where 2 is the noise level from which the baciscattar grews and ¥ is +he

vectors £ of the three waves 1n w.e in3%acll i*y ire matcred:
A
u) S Y NE=2.N
SR SR (23)
p) 3

The subscripts o, I, and 3 r2f2r ¢35 the Ingilent eleczircmagnetic wave, the
C ; e . [ o
cattered light wave, and tae axclted sound wave, respectively (in this

discussion the %'s are magnitudes and the s5igns for backscatter are siven
g g g

explicitly). As *he waves zroragate away from the rescrance point, the %'s

crange according ¢ the lat-frame dispersion relations for the three waves:
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where w i35 the sratially wvaryin lasma fregquency, ¢ is the speed of lignt
L —J v gp 4 J p g

-
r

in vacuum, and u is the spatially varying flow velccity. The displayed sign
corresponds to a flow velocity that Is antigarallel %o ks’ as argrcpriate
fzr the experizent. The lebyes langth K: = ve/wD where v, T (_Te/:n,"/2 is the
tanermal speed ¢f the 2lectrons at temperature Te. The acoustic zpeed is g

- - is2 : PR
= [(2T + 3T.)/M]Y/% for icns of charge I, temperature T, (assumed to be
d

-Zi4

equal to T in our calculations), and mass M. As the X's change accordin

to Eq. 2 with distance z from the resonance point, a mismatch X = ko + & -

X develcps, reducing the Brillouin gaia frem ifs value at rescrance., 17
2

) . P : . P 70 . T
the mismatch X varies linearly with z, the gzrcwth region arcund the

rescrance pcint z = z. extends from -z, {0 +z_, where the <urning point
“

R /2 o C . .
(1/x") {QYO/(VNV,)‘ + T /v ]. Here T, is she demping rate for the sound
D

wave (taxen to de C.l WS for this calculaticn), v_ = -u +

-
2

2,214v372 - . c s
cs/(l+k"kn) and v, = c(;-n,nc) are the group velocities cf the scund
< -

r
Pl

ard vackscattered waves, and X' = dK/dz iIs the rate of change of the linear

nlsmetch. The nomogenecus 3235 grewth rate Y. = (2‘3/2 vifc)w i {e/c )‘/2
o] < o 3
4 1/2 : ] : - . e
cuﬁ/wo) where w_. is the ion plasma f{requency. The number of linear 3BS
~ o
o 5 e - : : . Y
2-fcldings within she resonance region -z, < (z—zc) < +z. i3 given ty*’’?
N = On 20w, \ [T
o= 2T YT /R Ve YV _ N gV
o L s
The numter 2r e-{cldings I3 independent c¢ . ; <“ne decrezse in the ZES gzain
>
at the rescnance pcint z_ Is 2xactly >8fset by the Ingresse in o she width 2z
N 5 ~ J
D te rescnanze regicn.e Iy differentiating Iiz. 1 wito recrect ooz, an

expression for ' is sttalined’t

\

K'' = d(x_ + X + X% )sdz = [(n/m ‘% /{1-n/n V=x-}
s c o

o]

,2MADI,L_+k_/DL -k /2MADL_
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In order to calculate ¥, a rescnant density Mg is selected and the

temperature T, *he wvelocity u, and the scalelengths L , L,, and L are
< bol T 1

determined from the hydrcdynamics calculation. A case with 5 J in the saor:
rulse 13 chesen so as %o aveid uncertainties raised ty the severe nlasma
tertubations and self-focusing at higher energies. The number of linear o=
foldings is then determined “rom Zgs. (4) and (5). In calculating N, the
incidert intensity is assumed to te constant within the interaction region.

This constant value is the intensity, reduced bty collisional absorption,

that penetrates to the resonant point in the hydrodynamic calculation.

Because of the large depth of focus of the incident team, ro intensity
adjustment Is required for beam convergence within the rescnance region. s
a final step, *the linearity of X is checked within the rescnant region; in
all cases, the linear mismatch approximation apzears tc te jusiilliec. In
the few cases with the most nonlirear K's, the linear-misme<:n assuzmgticn is
checkxed further by calculating the SBS growth with a =mcdel ir -nich <re galn
Y{z) is allowed to vary according to the local value oI I} in 2ver <he

Worst cases, the number of e-foldings within the int
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fala 1
{
LG

short-scalelength plasma with 5 J incident Zn the short pulse, 2.2

R

'y
2'ala
]
. O
e}
ct
o
[1]

v
' -
3
97
]
&1
b
!
",
O
k__l
fu
’ 1,
3
b3}
‘3
O
H)
o

rillouin growth are predicted at the 2ptimal rescnant

——r
-'- .
S L

lD

[}

]

P

ct

D)

Q

H)

(]

.

S

with the growth region spanning 0.35 n_ < n < C.4S n_ Zor
2 2

F e o
v

Jo = 0,1}, The model predicts 10.9 linear e-fcldings in the long-

by
- .7

szalalength case, €5% greater than the number for the shert scalelength

... ..

7]

¢

O
4

ase., The optimal rescnance region is centered at 2.2 n  and sxtends {rom

- [

T
.
[

. SeZ7 n_ o .22 n .
£ - -
‘

-

v,
[9%]
~1




.'l
‘-l‘~’\"’~

A & ‘:‘ft"’ll.
: 3

*

CRA
Attty

™

-

While the numver of lirnear e~folds nearly doubles in the long-
scalelength case, as expected, the ~ompariscn of Ig. (1) ané the observed
data depends upcn the noise level 3 as well as upon the numbder N of e-fclds.

or this calculation It is assumed that the noise source for 3ZE growti: Is

incident light that genetrates to the critical surface and is 3

e
a
O
=
3
w
-

&

73974 A \ : . ; . . s
3 Given the experimentally inferred angular distrivution of

reflected.
light relected cutside the incident lens (Fig. SA), the fracticn of the
total specular light that is reflected back into the lens cone is found tc
be 0.25% by integration over the solid angle subtended bty the lens. Thae
total specular scatter with 5 J incident is seen from Figs. 5B and 5D o be
about 5% for the short-scalelength plasma and 0.5% for the long-scalslength
plasma. Thus, the level of this noise source is 1.25x10~* for the short-
scalelengzth plasma. The increased collisicnal abscrption in the long-

scalelength plasma reduces %this noise scurce by an order of magnitude below

the level for the short-scaleleng-h plasma.

If stecular reflection provides the noise source for SBES, the number cf

73+74

linear 2-folds must vte taken near the Mach-one region, rather than tie

regizcn ¢ optimal gain. With a nearly stationary critical surface

where A = (l+ki K€)3/2,

n D=1~ (1/MA), and the mach number M = u/cs. The

scalelengths L , L,, L , for the density, temperature, and velocity have a
n T u

sizn as well as a magnitude; for example Ln = n/(dn/dz) < C if dn/dz < C.

{zredicted ty the hydroccde due o the icng nulse used to establish the

i -

density crofile), the specular light in the lab frame has almost no Doppler

shift from the incident laser frequency. The freguency matching ccrndition

&

for ZBS (Zq. 24) then requires that the lat frame accustic frequency (Zg.

3B) vanish. This happens when the Mach number M = (1 + X°

(03]
a1
2
ot
5
'y
0]
=
2]
[o%
re
Q
81

Mach-one point. Fortuitously, the regicn of cptimal 3SES
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the shert-scalelength plasma is ia this same region. In the long-

ot

scalelength rlasma, however, the matching conditicn with specular ligh

cceurs at n*es = C.25 nC where the calculated number oFf 2-fclds I = 1C.Z,

rather than the 10.% Zound atove for the cptimal rescnant density.

A comparison is now mede between the calculated numcer of e-folds zand
the number required by Zg. (1) to produce the otserved reflectivity with the
observed specular noise levels. TIor the short-scalelength plasma with the
observed reflectivity of 5.5%, 2q. (1) yields 6.4 linear e-folds which is
well within the estimated 1C% uncertainty of the calculated 6.6 e~folds.
Similarly, with the reduced noise level at long-scalelength, Eq. (1)
recuires 9.4 e-folds to give the 8% reflectivity of Fig. 6C at 5 J incident,
within 10% of the calculated value of 10.2 e-folds. This agreement proves

neither that the backscatter is due to SBS nor that specular reflecticn is

~he noise source; however, the calculaticn dces show that the observatiorns

are consistent with tcth cf these hypotheses.
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Fig. 8 {A) Backscatter reflectivity through lens, R, and (B) integrated
reflectivity over other angles, S, as a function of the density
scalelength at quarter-critical density. The scalelength at
quarter-critical density is an indicator of underdense scaleleng*:
and it is not chosen because absorption is believed %o e
consentrated near that density.
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Fig. 17 Perturbed plasma temperatures determined from: 1) the signal
strength ratios of the 1-1.5 keV (A%) and 2~2.8 keV (C%) x~ray
detectors and 2) the hydrodynamic model for the short, medium, and
long-scalelength plasmas.
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